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Analiza możliwości wystąpienia sufozji w rdze-
niu  z gliny zwałowej
Predicting suffusion potential of dam core soil of glacial till

Hans RÖNNQVIST
Luleå university of Technology, Department of Civil, Environmental and Natural Resour-
ces Engineering, C and F-Building, university Campus, Porsön, SE-97187 Luleå, Sweden
WSP, Department of Bridge and Hydraulic Design, Arenavägen 7, SE-121 88 Stockholm-
-Globen, Sweden

Summary. Although extensively used as core material in dams in many parts of the world, internal 
instability and suffusion potential of glacial till is still a relatively unexplored field. Statistically, 
dams with cores of glacial till have higher frequency of internal erosion incidents than dams with 
other types of core soils. Such potential overrepresentation may stem back to the erodibility of the 
glacial till itself. One mechanism that may be influential is suffusion due to internal instability. The 
literature offers several methods to evaluate a soils vulnerability to this mechanism, however, in 
terms of glacial till soils; the validity of assessment criteria is unclear. An offset in applicability may, 
at best, provide too conservative guidance, but at worst, it may be misleading, confusing or errone-
ous. Thus, the applicability of available state-of-the-art criteria for internal instability of glacial till 
soils is investigated in this paper, exclusively the approaches by Kenney-Lau and Burenkova with 
subsequent adaptations. Using gradations from: laboratory tests performed by the author at Luleå 
University of Technology; gradations from experimental suffusion tests in the literature; and grada-
tions from selected existing dams, a total of 36 glacial till gradations are evaluated. The study indi-
cates that the approach by Kenney-Lau and its Li-Fannin adaptation provide predictions relatively 
more accurate in identifying glacial till gradations with unstable performance due to suffusion.

1. Introduction

Internal erosion, which initiates by the mechanisms of concentrated leak 
erosion, backward erosion, contact erosion, and suffusion erosion, is surpassed 
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only by overtopping as the largest contributor to the failure of embankment dams 
[ICOLD 2013]. Backward erosion initiates at a free unfiltered surface, such as 
the interface to an inadequate filter, and works itself progressively backwards  
towards the source of water by the detachment of soils particles. When occurring 
in the dam body it may be assisted by gravity causing near vertical pipes by global 
backward erosion (i.e., GBE) [ICOLD 2013]. Suffusion, on the other hand, occurs 
inside of a soil or dam zone, and erodes free moving fines in the matrix of coarser 
particles; in the process leaving behind the soil skeleton formed by the coarser 
particles [ICOLD 2013]. 

Glacial till, a soil formed by the action of glaciers, is extensively used as  
impervious core material in many parts of the world. When designed and con-
structed properly this type of soils is highly suitable as fillings to dam core zones. 
In engineering practice, however, dams with cores of glacial till are overrepresen-
ted in terms of internal erosion incidents compared to other types of dam core soil 
fillings [Sherard 1979; Foster et al. 2000]. This potential inherent vulnerability 
was by Sherard [1979] attributed to internal instability, and Ravaska [1997] con-
firmed its erodibility by erosion tests. Laboratory studies on suffusion of glacial 
till soils are that of Wan [2006], Lafleur and Nguyen [2007], Moffat et al. [2011], 
Lilja et al. [1998] and Rönnqvist [2015]; studies that have shown that glacial till 
may be susceptible to suffusion. 

In the literature there are several methods to evaluate a soils vulnerability to 
suffusion [e.g., Kenney, Lau 1985, 1986 method and its adaption by Li, Fannin 
2008, Burenkova 1993 method and its adaption by Wan, Fell 2004, and the Wan, 
Fell 2008 alternative method]. In terms of glacial till soils; the validity of assess-
ment criteria is not certain. Herein, the applicability of available state-of-the-art 
criteria for internal instability of glacial till soils is investigated using a database 
of gradations from laboratory tests and also gradations from existing dams where-
of some have experienced internal erosion. In total 36 gradations are evaluated, 
of which 18 were unstable, and it provides insight to the applicability of available 
empirical methods on the assessment of core soils of glacial till. 

2. Internal stability and suffusion erosion

Suffusion, due to internal instability, erodes free fines inside of a soil. Suffu-
sion may result in mass loss, change in hydraulic conductivity, but no change in 
volume [Fannin, Slangen 2014]. For a soil to be susceptible, it requires a gradation 
that is internally unstable, and in such a material the finer fraction (i.e., Ff) under-
fills the coarser fraction, so that there are unfixed erodible fine-grained particles 
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between structural coarser grains of the primary fabric. Unless Ff < ≈35% a widely 
graded soil is probably not susceptible to suffusion [synthesized from Kenney, 
Lau 1985; Skempton, Brogan 1994; Wan, Fell 2004; Rönnqvist 2015]. The finer 
fraction of a gradation is located by the point of inflection of the particle size dis-
tribution [ICOLD 2013]. 

3. State-of-the-art for the assessment of internal instability 

There are several methods available for the assessment of internal stability 
of soils [ICOLD 2013]. The most notably may be the approaches by Kenney and 
Lau [1985, 1986], with its adaptation by Li and Fannin [2008], and by Burenkova 
[1993], with the Wan and Fell [2004] adaptation, and, the alternative method by 
Wan and Fell [2008]. These empirical methods represent current state-of-the-art 
and are evaluated in the following.

3.1. The Kenney-Lau approach and Li-Fannin adaptation 

With the Kenney and Lau [1985, 1986] method potential grading instability 
is evaluated by the shape of the finer end of the particle size distribution. The mass 
fraction of particle sizes between D and 4D (denoted by H) and the passing weight 
at the particle size D (i.e., F) (fig. 1) will indicate whether a gradation is unstable 
by the deficiency of particles between D and 4D, potentially allowing erosion of 
particles finer than D. The limiting-shape curve is H = F, and a stability index H/F 
< 1 indicates insufficient finer fraction, thus potentially internally unstable. The 
most vulnerable fraction is represented by the stability index, (H/F)min defined by 
the smallest value of H/F, for 0< F ≤20% in soil with a widely-graded coarse frac-
tion (fig. 1). Li and Fannin [2008] adapted the approach by incorporating the crite-
rion of Kezdi [1979], resulting in the boundary transferring to H = 15 at F >15%.   

3.2. The Burenkova approach and Wan-Fell adaptation

Burenkova [1993] proposed to evaluate suffusion susceptibility by three soil 
grain sizes (i.e., D90, D60 and D15). These are combined into characteristics values 
of the coarser fraction (i.e., h’ = D90/D60) and the overall slope of the gradation 
(i.e., h’’ = D90/D15) (fig. 2). Wan and Fell [2004] modified it, yielding increasing 
probability of internal instability by increasing steepness over the coarser fraction 
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and wide overall grading. The Wan-Fell contours (for clay-silt-sand-gravel soil of 
limited clay content) partly cross over into the Burenkova [1993] non-suffusive 
zone (fig. 2).

3.3. The Wan-Fell alternative method

Wan and Fell [2008] subsequently proposed an alternative method for broad-
ly graded soils. They found that gradations that are uniformly graded in the coarse 
fraction (i.e., steep slope) and broadly graded in the finer fraction (i.e., flat slope) 

Fig. 1. Illustration of the Kenney-Lau method with inset showing the H:F shape curve and 
stability index (H/F)min and Li-Fannin adaptation [Rönnqvist, Viklander  2015]

Fig. 2. Illustration of the Burenkova method superimposed by the Wan-Fell adaptation 
with contours of the probability of internal instability [Rönnqvist, Viklander 2015]
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were likely to be internally unstable but were not necessarily predicted to be by 
the Burenkova method. The same characteristic D90/D60 value for the coarser frac-
tion is used, but the finer fraction is instead represented by D20/D5.

4. Database of glacial till gradations
4.1. Experimental database of glacial till gradations

Rönnqvist and Viklander [2014a] identified five laboratory suffusion studies 
on glacial till. These were the investigations by Lilja et al. [1998], Wan [2006], 
Lafleur and Nguyen [2007], Moffat et al. [2011], Hunter et al. [2012] and which 
all performed tests on specimens related to dam core zones or transitions of dams. 
The compilation of these gradations yields an experimental database that includes 
11 gradations (fig. 3a) with grading characteristics in tab. 1. Seven gradations are 
internally unstable according to laboratory tests (i.e., S7, S10, C-20, C-30, CG3, 
Mr3 and Mr19). In addition, Rönnqvist [2015] performed suffusion tests on 12 
gradations of glacial till and till-mixtures, six were unstable (i.e., BE3, BE4, GR2, 
GR3, ST2 and ST3) (fig. 3c, tab. 1). 

Table 1. Grading characteristics of specimens

Source

Gr
ad

ati
on Dmax 

[mm]
Fines content 

F#200 [%] 1)
Finer fraction 

Ff [%] 2) Cu = D60/D10 Performance

Lafleur,
Nguyen [2007]

S28 37.5 28 (36) 38 24 Stable 5)

S17 37.5 17 (20) 37 13 Stable 5)

S10 37.5 10 (12) 33 6 Unstable 5)

S7 37.5 7 (8) 25 6 Unstable 5)

Wan [2006] RD 9.5 22 (23) 45 49 Stable 5)

Moffat et al.
[2011]

C-20 19 20 (26) 20 20 Unstable 5)

C-30 19 30 (33) 35 30 Unstable 5)

Hunter et al.
[2012]

FG1 37.5 33 (43) 40 425 Stable 5)

CG3 53 17 (36) 25 147 Unstable (GBE) 5), 6)

Lilja et al.
[1998]

Mr3 63 22 (29) 32 40 Unstable 5)

Mr19 31.5 38 (41) 38 25 Unstable 5)

Rönnqvist,
Viklander
[2015]

4 16 16 (21) 30 40 No observations 3)

11 16 10 (11) 20 8 No observations 3)

17 16 32 (35) 28 39 No observations 3)
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4.2. Database of existing dams with glacial till cores

From a database of dams with cores of glacial till [Rönnqvist, Viklander, 
2014b], 13 dams were screened out in Rönnqvist and Viklander [2015]. These 
exhibited grading characteristics of the core soil making it potentially suscep-
tible to suffusion (i.e., core gradation with Ff <35% and F#200 <30%). Furthermore, 

Source

Gr
ad

ati
on Dmax 

[mm]
Fines content 

F#200 [%] 1)
Finer fraction 

Ff [%] 2) Cu = D60/D10 Performance

Rönnqvist,
Viklander
[2015]

22 16 24 (28) 39 75 No observations 3)

26 16 18 (21) 28 30 No observations 3)

37 64 38 (54) 32 133 No observations 3)

45 128 11 (15) 16 19 No observations 3)

54 64 18 (35) 21 133 No observations 3)

A 150 32 (53) 33 1357 Probable occurrence 4)

L 20 19 (24) 35 60 Probable occurrence 4)

N 150 20 (34) 28 200 Probable occurrence 4)

P 16 12 (16) 35 32 Probable occurrence 4)

S 180 11 (18) 35 53 Probable occurrence 4)

Rönnqvist
[2015]

BE1 30 34 (40) 50 31 Stable 5)

BE2 25 22 (42) 32 559 Stable 5)

BE3 31 17 (42) 29 600 Unstable 5)

BE4 35 13 (41) 25 350 Unstable 5)

RA1 40 37 (45) 45 85 Stable 5)

GR1 43 30 (35) 40 35 Stable 5)

GR2 35 19 (36) 32 556 Unstable (GBE) 5), 6)

GR3 30 10 (36) 20 187 Unstable 5)

GR4 35 18 (35) 31 440 Stable 5)

ST1 33 14 (17) 31 11 Stable 5)

ST2 34 10 (19) 40 127 Unstable (GBE) 5), 6)

ST3 45 4 (22) 17 77 Unstable 5)

1)Mass passing 0.075 mm (full sample), brackets indicate FC#4 (regraded to #4 sieve, i.e., 4.75 mm)
2)Point of inflection on the gradation curve
3)Field performance with “No observations to indicate internal erosion”
4)Field performance indicating “Probable occurrence of internal erosion”
5)Laboratory test results. 6)Specimens that  failed by global backward erosion
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Fig. 3. Compilation of glacial till gradations from a) laboratory tests by others [Rönnqvist, 
Viklander 2014a], b) cores of existing dams [Rönnqvist, Viklander 2014b] and c) labora-
tory tests conducted at Luleå University of Technology [Rönnqvist 2015]
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the filters to these cores are in the same coarseness range, i.e., some erosion fil-
ters, thus, reducing the influence of the filter and elevating the core’s. Analysis of 
performance monitoring data allowed to categorize the dams into: i) dams with 
“probable occurrence of internal erosion”, and ii) dams with “no observations 
to indicate internal erosion”. Gradation analyses established the most vulnerable 
gradation curve of the available grain size distributions for each dam (fig. 3b), 
and five have exhibited a performance history of internal erosion (i.e., gradations 
denoted A, L, N, P and S) (tab. 1). 

5. Application of methods

Application results are shown in fig. 4-6. Hollow symbol represents stable 
specimens and solid symbols unstable specimens. An evaluation is done in respect 
to success in identifying unstable gradations, and in terms of accuracy in distin-
guishing unstable from stable gradations. The finer fraction (i.e., Ff) of gradations 
S17, S28, RD, FG1, Mr19, 22, BE1, RA1, GR1, and ST2 exceeds 35% (tab. 1) 
which may make these not susceptible to suffusion. In addition, gradations GR2, 
ST2 and CG3 ultimately failed by backward erosion (GBE), and not suffusion. 
Thereby, these may not be relevant in the following evaluation of suffusion po-
tential; however, to account for this the analysis results are not only presented 
for the full set of gradations (i.e., 36 gradations), but also for a set excluding the 
potentially irrelevant gradations (i.e., 24 gradations).  

5.1. The Kenney-Lau approach and Li-Fannin adaptation 

The grading characteristics in tab. 1 reveal that the fines content is 4%  
< F#200 < 38% and coefficient of uniformity (i.e., Cu = D60/D10) up to 1357 (grada-
tion A), which is outside the extent of the method data. However, studies indicate 
that the method has validity on widely-graded soils with some fines [Li et al. 2009; 
Rönnqvist, Viklander 2014b]. Gradation analyses establish the stability index,  
(H/F)min, and these are plotted in fig. 4(a) and fig. 4(b). Table 2 summarizes the 
analyses revealing that the Kenney-Lau method identifies 78% of the unstable 
gradations with 54% accuracy. Accuracy refers to amount of potentially unstable 
gradations that indeed performed as unstable, i.e., the proportion of unstable gra-
dations in the population of gradations that were evaluated as potentially unstable. 
When disregarding potentially irrelevant gradations, 86% of the unstable grada-
tions are identified with the Kenney-Lau method, providing the most successful 
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identification of unstable gradations (tab. 2). However, when disregarding poten-
tially irrelevant gradations, the Li-Fannin adaptation provides comparably more 
accurate predictions by 85% accuracy.  

Table 2. Summary of gradation analyses                                                   

Empirical Criteria

Identified 
unstable 

gradations 
[%]

Unstable gradations not 
identified

Potentially unstable with 
unstable performance 

(either in laboratory tests 
or in-situ at dams) 

[%]
Kenney-Lau method [1985, 1986]
Li-Fannin adaptation [2008]

78 (861)) S7, S10, Mr19, ST2 54 (671))
72 (791)) S7, S10, Mr19, S, ST2 68 (851))

Burenkova method [1993] 
(zone I or III)
Wan-Fell adaptation [2004] 
(>5% probability)

67 (711)) S7, S10, Mr3, CG3, A, ST2 55 (631))

39 (291)) S7, S10, Mr3, Mr19, C-20, 
C-30, A, L, N, P, S 70 (571))

Wan-Fell alternative method [2008] 
(transition or unstable zone) 33 (331)) S7, S10, Mr3, Mr19, C-20, 

C-30, A, L, P, ST22) 71 (671))

1) Results when excluding gradations with finer fraction >35 % (i.e., S17, S28, RD, FG1, Mr19, 22, 
BE1, RA1, GR1, and ST2) and gradations that failed by backward erosion (GBE) (i.e., GR2, ST2 
and CG3)
2) Gradations RD, FG1, CG3, S, N, 11, 26 and 54 are not included because gradation data on minus 
# 200 sieve are not available

Fig. 4. Results obtained from the application of (left) the Kenney-Lau method, and (right) 
the Li-Fannin adaptation
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5.2. The Burenkova approach, Wan-Fell adaptation, and Wan-Fell  
alternative method

As indicated in fig. 5(a) and 5(b) the grading characteristics of several of 
the gradations are outside the extent of data of the methods. Nevertheless, grada-
tion analyses, after excluding potentially irrelevant gradations, establish that the 
Burenkova [1993] method identifies 71% of the unstable gradations with 63% 
accuracy, whereas the Wan and Fell [2004] adaptation identifies 29% and the Wan 
and Fell [2008] alternative method 33% (tab. 2).  

6. Conclusions

The applicability of available criteria for assessing internal instability and 
suffusion of glacial till soils has been investigated. The optimal assessment crite-

Fig. 5. Results obtained from the application of (left) the Burenkova method, and (right) 
the Wan-Fell adaptation 

Fig. 6. Results obtained from the application of the Wan-Fell alternative method 
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rion will identify unstable specimens with the best possible accuracy (i.e., with as 
few as possible stable specimens deemed as unstable). Based on the assessment of 
36 gradations, whereof 23 stems from laboratory tests and 13 from the core soil of 
existing dams, the evaluation of current state-of-the-art criteria shows that the Li 
and Fannin [2008] adaptation of the Kenney and Lau [1985, 1986] method yields 
relatively better predictions of internal instability and suffusion performance.

notation
D grain size [mm].
Dmax maximum particle size [mm].
FC#4 percentage fines content (< #200 sieve, 0.075 mm) of soil passing the No. 4 sieve (4.75 mm).
F#200 percentage fines content (< #200 sieve, 0.075 mm) of full sample of soil.
Ff finer fraction.
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